Abstract In an attempt to obtain the best possible properties of barium hexaferrite (BaFe 12 O 19 ), the sol-gel synthesis method was chosen and, the optimum sintering conditions were established. The effects of the sintering temperature on the structural, morphological and magnetic properties of hexaferrite were studied. X-ray analysis indicates that the sintered samples (1,000-1,150°C) remained in the hexagonal structure. From this analysis, no secondary phases are identified. The effect of sintering temperature on the grain growth of BaFe 12 O 19 is confirmed by the microstructure using HR-SEM and is in good agreement with the XRD analysis based on the peak intensity of the (107) plane. The samples sintered at 1,150°C showed the densities as *93 % of theoretical density. Sintering temperature affected the grains in compact samples. The results show that homogeneous and dense BaFe 12 O 19 ceramics obtained at a lower sintering temperature of 1,150°C which is lower than the normally reported sintering temperature of C1,200°C. The thermal treatment can markedly affect the grains in compact samples.
Introduction
Magnetic materials can be regarded now as being indispensable in modern technology. They are components of many electro mechanical and electronic devices. BaFe 12 O 19 , is a classical ferromagnetic material, is currently of renewed scientific and technological interest because of its excellent chemical and physical properties such as large magneto crystalline anisotropy, high Curie temperature, relatively large saturation magnetization, high coercive force, chemically inert, mechanically resilient and corrosion resistivity [1] . The BaFe 12 O 19 has great importance for the modern society because they are component of a variety of electronic devices used in means of magnetic recording, communication, generation and distribution of electrical energy, automotive and medical equipments. Besides they may be used as magneto in purifiers of water, eliminating certain metallic impurities, separator of mineral paramagnetic in minerals and directionally of bunches of particles loaded electrically (accelerators of particles) [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
Barium hexaferrite recently has been extensively studied for advanced recording applications, such as disk drivers (hard disks, floppy disks and video tapes) and video recorders [1, 12, 13] . For this reason, a little improvement of their magnetic properties is of great relevance. The most important properties of BaFe 12 O 19 for magnet application is its coercive force and saturation magnetization, which can be influenced by the microstructure of the sintered samples [14] . Orientation of grains in barium hexaferrite is necessary for better magnetic properties in ferrite magnets. In many case, the magnetic properties of these materials depend largely on the microstructure.
BaFe 12 O 19 is produced by a conventional mixed oxide ceramic method which involves the calcinations of iron oxide and barium carbonate mixtures at 1,200°C followed by extended milling to break the agglomerates, which results in a material that is homogeneous on a microscopic scale [15] . The manufacturing cost is low, its properties are stable and the problem of oxidation of the product is avoided [16, 17] . In order to improve the material properties, non-conventional routes such as the hydrothermal method [18] and sol-gel method [19] have also been used to synthesize BaFe 12 O 19 . In this work, a novel sol-gel method is used for the preparation of BaFe 12 O 19 compacts and its structural and magnetic properties are discussed. The main advantages of this method are the increased homogeneity and high surface area of the resulting powders, which lead to relatively high reactivity and hence low sintering temperatures. Furthermore, the raw materials are not expensive. Very interestingly, the obtained products exhibit well crystalline phase of BaFe 12 O 19 , typically hexagonal like structure and sub micrometer particle size under the optimum condition.
Experimental procedure
Analytical grade Ba(NO 3 ) 2 , Fe(NO 3 ) 3 Á9H 2 O and D-Fructose were used as starting materials. Nitrate and fuel ratio is 1:1. Stochiometric amount of metal nitrates and fuel were dissolved in distilled water and stirred by magnetic stirrer for 2 h to get a solution. The solution was heated at 80°C with stirring continuously, finally it changed into sticky liquid gel. The liquid gel was preheated at 130°C in a hot air oven for 2 days to get precursor. The calcined powder was uniaxially pressed into pellets using a hydraulic press and polyvinyl alcohol (PVA) as a binder. The pressed pellets were sintered at temperatures, 1,000, 1,050, 1,100, and 1,150°C in air for 3 h. The microstructure of the sintered pellets was studied using high resolution scanning electron microscopy (HR-SEM). The density measurement for each samples were carried out using dimensional method using weight balance and screw gauge. Magnetic properties of the sintered sample were evaluated using VSM (at the maximum magnetic field of 15,000 Gauss).
3 Results and discussion Figure 1 shows the X-ray diffraction patterns for the samples sintered at 1,000, 1,050, 1,100 and 1,150°C for 3 h. The diffraction peaks appearing in the XRD pattern can be indexed with the standard pattern for M-type hexagonal BaFe 12 The peak intensity of XRD shows that the (107) plane increased continuously for the samples increasing temperatures. Relative intensities of the peaks show difference, which may be due to the different crystallographic orientation of the samples. Well-defined sharp peaks indicate the good crystalline quality of these samples. Figure 2 summarizes the variation of fired density with respect to sintering temperature. It was observed that the density was improved by increasing the temperature from 1,000 to 1,150°C. The average density of the sample was 4.91 g/cm 3 which was achieved at 1,150°C for 3 h. This value compares favorably with the theoretical density of 5.30 g/cm 3 for this material [20] . Hence the density achieved using the sol-gel based route was found to be *93 % of the theoretical density. Figure 3 shows surface micrographs barium hexaferrite samples sintered at 1,000, 1,050, 1,100 and 1,150°C for 3 h in air. The pellet sintered at 1,000°C (Fig. 3a) shows porosity. Reduction in porosity leads to increase in the grain growth [21] . The grains touch each other in relatively less macro-pores formation. The sintered (1,050°C) sample shows a stage of growth in hexagonal shape and it exhibits a partially sintered microstructure, due to the extensive degree of particle coarsening and sintering at such a high temperature. The size of the grains in the ceramics also grow gradually as the sintering temperature increased. The dense barium hexaferrite ceramic with a homogenous grain diagonal about *5-7 lm were obtained when being sintered at 1,150°C for 3 h. This result consistent with previously reported work [22, 23] . The control of sintering temperatures and duration of the process is thus important in hard ferrite fabrication [24] . The use of sol-gel technique resulted in the grains being highly well packed in a dense microstructure. The sintering temperature markedly influences the microstructures of the resultant compact and changes their magnetic properties. Figures 4 and 5 show the hysteresis loop of samples sintered at 1,000 and 1,150°C respectively, which was obtained at room temperature under an applied field of [25] . The increase of Ms for 1,150°C sintered sample can be attributed to the increase in the size of the grains and crystallinity compared to the lower sintered sample. The magnetic properties of the magnetic materials are dependent on shape, crystallinity, structure, etc. However, the saturation magnetization of the 1,150°C sintered sample was higher than previously reported values [26] . This can be attributed to the high-phase purity and well-defined crystallinity of BaFe 12 O 19 . This is consistent with earlier findings of the XRD and HR-SEM. Moreover, the shape of the curve of the hysteresis loop was smooth, confirming that the barium hexaferrite exhibits hard magnet property. The coercivity for a ferromagnet or ferrimagnet can be reflected by coercivity field Hc. Coercivity of 1,000°C sintered sample is 3,854 Gauss, but 1,150°C sintered sample coercivity is increased to 4,244 Gauss. Final sintered sample shows high coercivity compared to lower sintered sample. It is well known that the coercivity of barium hexaferrite depends on many factors, such as chemical composition, grain size, degree of crystallinity, microstructure, magnetic anisotropy, etc. However, recent progress indicates that they are strongly influenced by the grain size [27] [28] [29] [30] [31] , whose variation can also induce the obvious change in saturation magnetization.
Conclusions
The X-ray pattern for the sintered BaFe 12 O 19 , was indexed based on the hexagonal magneto plumbite (M-type) structure. The mean grain size of barium hexaferrite increased when the sintering temperature increased. The grains tend to acquire sharp edge and some of the grains are larger in size due to the temperature treatment effects. The sintered samples show the presence of clear micro grains, dense microstructure with homogeneous shape distribution, and hexagonal in shape. After sintering at 1,150°C which is lower than 1,200°C reported by previous researchers, the sintered sample was dense with optimum magnetic properties with saturation magnetization value of 56.68 emu/g, and the coercivity value of 4,244 Gauss.
